A series of SiO 2 nanostructures codoped with Eu 3+ ; Mg 2+ ions were obtained by a sol-gel method. The gels synthesized by the hydrolysis of Si(OC 2 H 5 ) 4 , Eu(NO 3 ) 3 ·6H 2 O, and Mg(NO 3 ) 2 were heated in air at 600
Introduction
The sol-gel technique that involves the simultaneous hydrolysis and condensation reaction of the metal alkoxide is one of the most common methods of synthesizing silica nanoparticles [1] . It is an efficient technique for the synthesis of phosphors due to the good mixing of starting materials and relatively low reaction temperature resulting in more homogenous products than those obtained by the solidstate reaction synthesis method. Lanthanide ions have been employed as optically active centers due to unique electronic configurations, which result in special spectroscopic properties. Thus, these ions have played prominent role in lighting and light conversion technologies. However, their optical properties, not only depend on the nature of the active ions, but also on the site environment provided by the host lattice. Rare earth ions or lanthanides in a silica host matrix have a wide range of applications in active materials for solid-state lasers, amplifiers, electro-optic devices and sensors because of their well-known fluorescing property [2] [3] [4] [5] [6] [7] [8] [9] . In particular, europium is of great interest since it displays both a sharp luminescence in the orange-red as trivalent ion and a broad band one from UV to blue-green in its divalent configuration. Eu 3+ ions are widely used as activators in various materials for their allowed optical transitions of 4f-5d. A strong overlap of the activator 5d orbitals with ligand orbital causes high sensitivity of their spectral characteristics to the local environment structure. The luminescence of Eu 3+ doped silica is influenced by factors such as the modification of the ligand field around the Eu 3+ ions in the silica, presence of hydroxyl ions, energy transfer by cross-relaxation, and the concentration of dopants as well as the preparation process [10] . It is therefore of great interest to distinguish between the luminescence arising from Eu 3+ -ions and that arising from defect centers in the silica matrix and also investigate the possibility of energy transfer from the matrix to the activators. Thus, the purpose of this paper, firstly, was to study the absorption and luminescent properties by using photoluminescence (PL) spectroscopy of Eu 3+ -doped and Eu/Mg-codoped SiO 2 glasses made by the sol-gel process. Secondly, the dependence of the PL wavelengths and intensity on the Mg/Eu molar ratios was investigated. 3+ . The procedure followed was modified from the literature [11] . Silica glasses were synthesized by sol-gel using tetraethyl orthosilicate (Si(OC 2 H 5 ) 4 , TEOS), ethanol (ETOH), distilled water, nitric acid (HNO 3 , as a catalyst), europium nitrate (Eu(NO 3 ) 3 ·6H 2 O), and magnesium nitrate (Mg(NO 3 ) 2 ) as material sources. In the preparation of pure silica, TEOS (10 mL) dissolved in EtOH (10 mL) was mixed with deionized water (14 mL). In order to catalyze the hydrolysis and polymerization reaction, concentrated nitric acid (5 mL) was added, and the mixture was stirred for 24 h at room temperature. A similar procedure was followed during preparation of a series of europium-doped silica samples. Various masses of europium (iii) nitrate dissolved in ethanol (5 mL) were added to the foregoing mixture immediately after adding water simultaneously with nitric acid. The solutions were then stirred till gel point. The volume ratio of TEOS, EtOH, water, and HNO 3 used was 1 : 1 : 1.4 : 0.5. The produced gels were dried at room temperature for 2 days. The dried gels were then crushed and later sintered in a furnace at 600
Experimental

Synthesis of Silica Doped with Eu
• C for 2 h to remove solvent and organic ligands and to obtain full densification. Finally, the powders were recrushed.
Synthesis of Eu 3+ -and Mg 2+ -Codoped Silica.
A similar procedure as above was followed during the preparation of these silica glasses, but during the preparation of Eu 3+ -and Mg 2+ -codoped silica, a constant mass of europium (iii) nitrate dissolved in ETOH and varying masses of magnesium nitrate also dissolved in ETOH were added simultaneously to the foregoing mixture of silica after adding water with nitric acid, and the solutions were stirred till gel point. The dried gels were then again treated as above.
Characterization of the Particles. The xerogels were annealed at 600
• C before their characterization. The structure was determined by transmission electron microscopy studies using a Tecnai F20 Field Emission TEM coupled with EDAX. The samples for TEM were prepared by sonicating for 15 minutes their methanol suspensions followed by depositing a drop of the suspension on a standard copper grid coated with a holey carbon film. The photoluminescence (PL) emission spectra were taken on a Cary Eclipse fluorescence spectrophotometer equipped with a monochromatic xenon lamp. Each sample in powder form was loaded into a circular holder and excited with 340 nm radiation from a pulsed xenon lamp. Figures 1(a) and 1(b) show the prepared nanosized Eu 3+ -doped and Eu 3+ -and Mg 2+ -codoped silica xerogels respectively, under HRTEM. The nanosized silica particles had uniform particle sizes of 1 to 5 nm. The presence of Mg 2+ causes more particle agglomerations and therefore large particles. Figure 4 : (a) Mg-codoped silica (0.5 mol% Eu) xerogels annealed at 600
Results and Discussion
• C for 2 h in air and (b) variation of PL maximum intensity with Mg/Eu molar ratios. Figure 2 shows the energy dispersive X-ray spectrum of 2 mol% Mg 2+ -codoped, annealed silica xerogels. The elemental analysis of the nanoparticles confirms the presence of Si, O, Mg, and Eu in the xerogels (Cu in the EDX spectrum originates from the copper grids). The significantly small counts of Mg 2+ and Eu 3+ ions are directly indicative of small concentrations of these ions in the samples.
The effects of europium ion concentration at a constant synthesis temperature of 600
• C on the photoluminescence properties of samples are shown in Figures 3(a) and 3(b) .
The PL spectra of the samples excited using a wavelength of 325 nm show that the emission intensity is related to the concentration of the Eu 3+ activator ions. The intensity of the PL peaks was significantly affected by the addition of the europium ions into the sample without any significant change in peak position. The highest luminescence intensity yield of the samples was obtained at a europium concentration of 1.25%, and lower or higher europium contents resulted in a substantial decrease in emission intensity. This decrease in emission intensity indicates the presence of a stronger cross-relaxation-induced quenching with smaller interion distance [12] .
At higher RE concentrations, most ions reside in cluster due to the insolubility of rare-earth ions in glass which are easily affected by the ambient conditions. Under 325 nm excitation, the SiO 2 : Eu samples emit predominantly in the red domain, that is, 570 nm ( 5 D 0 → 7 F 0 ), 590 nm ( 5 D 0 → 7 F 1 ), and 614 nm ( 5 D 0 → 7 F 2 ) [12, 13] . These commonly narrow emissions in red region arise from the f-f transitions of the Eu 3+ ions. The emission in the vicinity of 590 nm is due to the magnetic dipole transition 5 D 0 -7 F 1 , which is insensitive to site symmetry, while the emission around 610−630 nm is due to the electric dipole transition of 5 D 0 − 7 F 2 that is induced by the lack of inversion symmetry at the Eu 3+ site [14] and is much stronger than that of the transition to the 7 F 1 state. The asymmetry ratio of the 5 D 0 − 7 F 2 to 5 D 0 − 7 F 1 transitions for the SiO 2 : Eu glasses is about 4 and lies well within the range of values usually found in oxide glasses, indicating that the Eu 3+ ions occupy low-symmetry sites. The ratio stays approximately constant with an increase in Eu 3+ ions up to optimum value, suggesting that the Eu 3+ ions are embedded in the random glass network structure of the amorphous silica matrix. 5 D 0 → 7 F 0 is a nondegenerate energy which usually shows large values for FWHM indicating the Eu 3+ are accommodated in a continuous distribution in closely similar local sites within the glass. In principle, electric dipoles are Laporte forbidden. However, provided that the site occupied by the Eu 3+ does not present a centre of inversion, an odd parity term relaxes the rule in the ligand field Hamiltonian making the transition, 5 D 0 → 7 F 0 , permitted [15, 16] . Figure 4 (a) contains the emission spectra of sol-gel glasses containing 0.5 mol% Eu 3+ and varying Mg : Eu mole ratios annealed for 2 h at 600
• C. The presence of Mg codopant significantly increases the luminescence intensity. The Mg 2+ ions disperse the Eu 3+ clusters, enhancing 590 nm ( 5 D 0 → 7 F 1 ) and 614 nm ( 5 D 0 → 7 F 2 ) emissions due to increased ion-ion distances and decreased cross-relation. The introduction of Mg 2+ codopants with different valence from Eu 3+ also produces defects, because of charge compensation requirements, resulting in change of energy transfer with the presence of Mg 2+ ions. The ratio of increase in intensities of both the 590 and 614 nm peaks of Eu 3+ at higher concentrations of Mg 2+ is different from that at lower concentration of Mg 2+ ions which indicates a change of surrounding of the Eu 3+ ions in the SiO 2 lattice at lower concentration of codopant.
An approximately parabolic relation (Figure 4(b) ) was observed between the intensity of emission peaks and the molar ratio of Mg : Eu, which increases significantly as Mg 2+ ion concentration increases with a critical value of codopant/RE ratio of 20 : 1. Previously aluminium [17] has been shown to be more efficient in enhancing luminescence of dopants in materials such as Tb 3+ [18] and thus became the standard codopant used by different research groups [19] in the phosphor field. Now, we see other elements such as Eu and Mg showing similar properties.
Conclusions
Eu 3+ -doped and Eu 3+ -and Mg 2+ -codoped silica phosphor powders were successfully synthesized by the sol-gel process. The PL results of the doped and codoped silica glasses showed predominantly red emission peaks at 570, 590, and 614 nm. The origin of these three peaks is ascribed to the crystal field splitting of the 4 f levels of Eu 3+ ion. While an increase in luminescence intensity was observed as the Mg 2+ -to-Eu 3+ ratio increased for the range investigated, significant luminescence enhancement was observed for codopant : Eu ratio of 20 : 1. This enhanced photoluminescence was attributed to two possible factors, the first being an energy transfer from the SiO 2 : Mg nanostructures resulting in enhanced emission from Eu 3+ . The second factor was that the Mg 2+ ion disperses the Eu 3+ clusters, enhancing the 590 nm ( 5 D 0 → 7 F 1 ) and 614 nm ( 5 D 0 → 7 F 2 ) emissions as a result of the increased ion-ion distances and decreased cross-relation.
